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Abstract
In models with abelian flavor symmetry the small mixing angles
and mass ratios of quarks and leptons are typically given by powers
of small parameters characterizing the spontaneous breaking of flavor
symmetry by ”flavon” fields. If the scale of the breaking of flavor
symmetry is near the weak scale, flavon exchange can lead to inter-
esting flavor-violating and CP violating effects. These are studied. It
is found that de, µ→ e+ γ, and µ-e conversion on nuclei can be near
present limits. For significant range of parameters µ-e conversion can
be the most sensitive way to look for such effects.
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1 Introduction
Flavor symmetry was first proposed to explain the structure of the quark
and lepton mass spectrum and the CKM mixing of the quarks [1, 2]. More
recently these ideas have been extended to account for the observed patterns
of neutrino masses and mixings [3]. In the context of supersymmetry, flavor
symmetry has been invoked to solve the problem of flavor changing neutral
currents, i.e. “the SUSY Flavor Problem” [4, 5].
A wide assortment of flavor symmetries has been suggested. In partic-
ular, models based on both non-abelian and abelian symmetries have been
constructed. One virtue of non-abelian symmetries is that they can lead to
degenerate masses, which have various theoretical uses. For example, one
solution to the SUSY flavor problem is to posit a near degeneracy of the
squark/slepton masses of the first two families. For another example, large
neutrino mixing angles can be obtained by positing nearly degenerate neu-
trino masses. However, in this paper we shall be interested in abelian flavor
symmetries.
The main use to which abelian symmetries have been put is to explain
the hierarchical patterns of quark and lepton masses and mixings. It has
been observed that all of the interfamily mass ratios and mixing angles can
be written as powers of one or two small parameters. For example, the
quark mass ratios and mixings can be written Vus ∼ ǫ, Vcb ∼ ǫ2, Vub ∼ ǫ3,
md/ms ∼ ǫ2, ms/mb ∼ 0.4ǫ2, and so on, where ǫ ∼ λ ∼ 0.2, the Wolfenstein
parameter [6] . This has suggested to many theorists the idea that there is
a weakly broken abelian symmetry which distinguishes fermions that are of
the same type but of different families. Suppose, for instance, that there is a
U(1)F flavor symmetry, under which the Standard Model Higgs has charge
zero, the fermions ψci and ψj have charges q¯i and qj, and a “flavon” field S
has charge −1. Then a Yukawa operator ψciψjH is forbidden by the flavor
symmetry, but the effective operator ψciψjH(S/MF )
(q¯i+qj) is not. Such an
effective operator might arise from integrating out fields whose mass is of
order MF , the “flavor scale”. If one assumes that the breaking of U(1)F is
weak, in the sense that 〈S〉/MF = ǫ ≪ 1, then one has explained the fact
that the effective mass parameter of the term ψciψj is proportional to a power
of the small quantity ǫ. This is the basic idea of Froggatt and Nielson [1],
which has inspired a very large number of models in the literature.
Aside from having the potential to explain the hierarchies observed among
fermion masses and mixing angles, this idea can be used to construct models
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in which the dangerous flavor-changing effects in supersymmetric models are
suppressed by “flavor alignment” [4]. The idea here is that in the preferred
basis defined by the abelian flavor charge assignments the off-diagonal el-
ements of both the fermion mass matrices and the sfermion mass-squared
matrices are suppressed by powers of the small parameters which character-
ize flavor breaking (i.e. parameters like ǫ). Thus the fermion and sfermion
mass matrices are nearly “aligned” by flavor symmetry. The angles express-
ing their misalignment are suppressed by powers of the small parameters. If
this suppression is strong enough it would solve the SUSY Flavor Problem.
In this paper we examine some of the possible consequences for phe-
nomenology of the exchange of the “flavon” fields themselves. A point that
should be stressed from the outset is that there do not have to be such con-
sequences at all. The reason is that the flavor scale MF can be anything
from the weak scale up to the Planck scale. All that matters is that the
ratio 〈S〉/MF of the flavon expectation value (or values) to the flavor scale
be somewhat smaller than 1. If the flavor scale is much larger than the weak
scale, then the phenomenological effects of flavon exchange will be unobserv-
ably small. In fact, many papers assume that the flavor scale is near the
Planck scale, which is certainly a reasonable expectation. However, since we
do not know a priori what the flavor scale is, it is interesting to investigate
the phenomenology that would result from its being near the weak scale, and
in particular to ask how low the flavor scale could actually be given present
limits on flavor-changing and CP-violating processes. We would also like to
know in which processes flavon-exchange effects would be likely first to show
up.
There are many ways that new flavor physics just above the weak scale
could affect low-energy phenomenology. For instance, if the abelian flavor
group is local, the exchange of the corresponding gauge bosons could cause
flavor-changing neutral current processes. We will assume that the flavor
group is either global, or breaks to a global symmetry at a sufficiently high
scale that such gauge-boson-exchange effects can be ignored. We are only
interested in this paper in the exchange of the flavon fields themselves.
There are many models with abelian flavor symmetry, and the number of
parameters in such models can be large. What we shall do, therefore, is write
down an effective low-energy theory that has a managably small number of
parameters and that has some of the typical features of models with abelian
flavor symmetry. Studying this toy model will give some idea of the likely
magnitude of various effects. We will then look at some variations of the
3
model to see how they would change the conclusions.
2 A simple effective theory of flavon physics
The model we shall study has a single flavon field S that is a singlet under the
Standard Model gauge group. The effective Yukawa couplings of the quarks
and leptons to S and to the ordinary Standard Model Higgs field H , after
integrating out all the fields whose mass is of order the flavor scale MF , is
assumed to be
LY ukawa = −λˆuijǫabQaLiH†buRj − λˆdijQaLiHadRj − λˆlijLaLiHalRj + h.c., (1)
where i, j = 1, 2, 3 are family indices, and a, b = 1, 2 are SU(2)L indices. The
λˆ’s are given by the following expressions.
λˆu =

 h
u
11ǫˆ
4 hu12ǫˆ
4 hu13ǫˆ
4
hu21ǫˆ
4 hu22ǫˆ
2 hu23ǫˆ
2
hu31ǫˆ
4 hu32ǫˆ
2 hu33

 , λˆd =

 h
d
11ǫˆ
6 hd12ǫˆ
6 hd13ǫˆ
6
hd21ǫˆ
6 hd22ǫˆ
4 hd23ǫˆ
4
hd31ǫˆ
6 hd32ǫˆ
4 hd33ǫˆ
2

 . (2)
The corresponding matrix for the charged leptons, λˆl is assumed to have the
same form as λˆd with hdij → hlij . In these expressions the hij are all assumed
to be of order unity, and the hierarchy among various masses and mixing
angles therefore comes from the powers of ǫˆ2, which is defined to be
ǫˆ2 ≡ S/MF . (3)
The particular structure given in Eq. (2) is inspired by a model of Babu and
Nandi [7], which has the same powers of ǫˆ, but where ǫˆ = (H†H)/M2F rather
than S/MF as here. Their model is not a typical flavon model, therefore.
However, the pattern of powers of ǫ is quite typical of many abelian flavon
models, and gives, as Babu and Nandi show (see below), an excellent fit to
quark and lepton masses and CKM angles. If we call the vacuum expectation
value of the flavon field 〈S〉 ≡ u, then the small parameter that characterizes
flavor changing is ǫ2 ≡ u/MF .
The Higgs potential is assumed to have the form
4
V (H,S) = λ(H†H)2 − µ2(H†H) + λS(S∗S)2 − µ2S(S∗S)
+ λ′(H†HS∗S)− 1
2
(δm2S2 + h.c.).
(4)
The last term has been put in to give a soft breaking of the global U(1)F
under which S → eiθS, and thus to give mass to the pseudoscalar part of S.
(This global U(1) may ultimately come from a local flavor symmetry that is
broken at a higher scale.) The parameter δm2 is the only one in the Higgs
potential that can have a phase. However, one can absorb this by a phase
rotation of S. Having done so, the VEV of S is a real quantity. Minimizing
this potential gives
S = u+ 1√
2
s1 +
i√
2
s2,
H =
(
0
v + 1√
2
h
)
,
(5)
where
v2 = [2λSµ
2 − λ′(µ2S + δm2)]/(4λλS − λ′2),
u2 = [2λ(µ2S + δm
2)− λ′µ2]/(4λλS − λ′2),
(6)
with v ≃ 174 GeV, and 〈s1〉 = 〈s2〉 = 〈h〉 = 0. From Eqs. (3) and (5), we
can write
ǫˆ2 = ǫ2[1 + (s1 + is2)/(
√
2u)]. (7)
Consequently, the couplings of s1 and s2 to the quarks and leptons are ob-
tained by taking in Eq. (1)
λˆfijH = λ
f
ij ǫˆ
2nf
ij
(
v +
h√
2
)
∼= mfij

1 + nfij(s1 + is2)√
2u
+
h√
2v

 , (8)
where f = u, d, l, and where nfij is the power of ǫˆ
2 that appears in λˆfij . It
turns out that for the interesting phenomenology one can ignore the terms
higher than linear in the fields s1 and s2 in Eq. (8). Note that the coupling
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of h to the quarks and leptons will be made real and diagonal when the mass
matrices mfij are, but that the coupling of the flavon fields s1 and s2 will
not be made real and diagonal because of the extra factor of nfij. This is
what will give the flavor-changing and CP-violating effects that we shall be
interested in. We see also that s2 couples in the same way to quarks and
leptons as s1 does so but with a relative phase of i. This factor of i comes
in squared in s2 exchange and so does not lead to CP-violating effects to the
order we are interested in.
Let us now look at how many parameters the model has. First, there
are the large number of parameters that we have called hfij . Because there
are so many, there is no hope of making any sharp predictions. However, if
we confine our ambition to making order of magnitude estimates of effects,
then we can (for the most part) ignore the hfij , since they are assumed all
to be of order unity. This leaves the six parameters in the Higgs potential
(λ, µ2, λS, µ
2
S, λ
′, δm2), and the flavor scale MF . These parameters can be
traded for v, mh, u, ms1 , sinφ, ms2, and MF . The VEV v is known precisely;
the mass of the ordinary higgsmh is known approximately; and the parameter
MF is determined by the relation ǫ
2 ≡ u/MF . (The value of ǫ2 is known
approximately from the values of the quark and lepton mass ratios and the
CKM angles.) Consequently, one is left with four free parameters: the masses
of the scalar flavon ms1 and the pseudoscalar flavon ms2 , the VEV u of the
flavon (which, as we have seen, controls the strength of the flavon couplings
to matter), and the parameter sinφ that describes the mixing between the
ordinary Higgs and the scalar flavon. This mixing is described by the mass
matrix
1
2
(h s1 s2)


4λv2 2λ′vu 0
2λ′vu 4λSu2 0
0 0 2δm2




h
s1
s2

 . (9)
so that tan 2φ = (λ′vu)/(λsu2 − λv2). We will call the mass eigenstates
h′ = cos φ h− sinφ s1, and s′ = sinφ h+ cosφ s1, and their masses mh′ , and
ms′, respectively.
Turning to the diagonalization of the quark and lepton mass matrices,
one finds that
(mu, mc, mt) ∼=
(
|hu11 − hu12hu21/hu22|ǫ6, |hu22|ǫ2, |hu33|
)
v,
6
(md, ms, mb) ∼=
(
|hd11|ǫ6, |hd22|ǫ4, |hd33|ǫ2
)
v, (10)
(me, mµ, mτ ) ∼=
(
|hl11|ǫ6, |hl22|ǫ4, |hl33|ǫ2
)
v,
and
|Vus| ∼=
∣∣∣∣∣h
d
12
hd22
− h
u
12
hu22
∣∣∣∣∣ ǫ2,
|Vcb| ∼=
∣∣∣∣∣h
d
23
hd33
− h
u
23
hu33
∣∣∣∣∣ ǫ2,
|Vub| ∼=
∣∣∣∣∣h
d
13
hd33
− h
u
13
hu33
− h
u
12h
d
23
hu22h
d
33
+
hu12h
d
23
hu22h
d
33
∣∣∣∣∣ ǫ4.
(11)
Babu and Nandi [7] showed that this gives a reasonable fit to the data.
They took the data to be mu(1GeV) = 5.1 MeV, md(1GeV) = 8.9 MeV,
ms(1GeV) = 175 MeV, mc(mc) = 1.27 GeV, mb(mb) = 4.25 GeV, m
phys
t =
175 GeV, mτ = 1.78 GeV, mµ = 105.6 MeV, and me = 511 keV. Extrapolat-
ing, using the 3-loop QCD and one-loop QED beta functions, with αs(MZ) =
0.118, they obtained the running masses in GeV evaluated at mt: mt ≃ 166,
mc ≃ 0.6, mu ≃ 0.0022, mb ≃ 2.78, ms ≃ 0.075, md ≃ 0.0038, mτ ≃ 1.75,
mµ ≃ 0.104, and me ≃ 0.0005. These are well fit by ǫ2 ≃ (1/6.5)2 ∼= 0.024, if
one takes |hu11 − hu12hu21/hu22| ≃ 0.95, |hu22| ≃ 0.14, |hu33| ≃ 0.96, |hd11| ≃ 1.65,
|hd22| ≃ 0.77, |hd33| ≃ 0.68, |hl11| ≃ 0.21, |hl22| ≃ 1.06, and |hl33| ≃ 0.42.
Note that with the exception of hu22 and h
l
11 all these are of order unity.
And as emphasized in [7] the smallness of hu22 actually helps account for the
values of Vus and Vub. From Eq. (11) one sees that with h
u
22 ≃ 1/7, these
mixings come out to be Vus ∼ 7ǫ2 ∼ 0.2, and Vub ∼ 7ǫ4 ∼ 3× 10−3.
As mentioned, in the basis where the mass matrices of the quarks and
leptons are diagonal and real, the couplings of s1 and s2 remain with off-
diagonal and complex elements, due to the extra factors of nfij in Eq. (8).
However, it is interesting that the flavor-diagonal couplings of s1 are, in fact,
real to leading order in the small parameter ǫ2. That is, the imaginary part
of these diagonal couplings is of order ǫ2 ≃ 0.02 times the real part. This is
significant for the lepton and quark electric dipole moments, as we shall see.
The reason that the diagonal couplings of s1 are real to leading order can be
seen by looking at a simple two-by-two example:
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Yh =
(
h11ǫ
2n11 h12ǫ
2n12
h21ǫ
2n21 h22ǫ
2n22
)
, Ys1 =
(
h11n11ǫ
2n11 h12n12ǫ
2n12
h21n21ǫ
2n21 h22n22ǫ
2n22
)
v
u
. (12)
In the basis where Yh is diagonal and real, which we shall denote by primes,
(Y ′h)11 ∼=
[
h11ǫ
2n11 − h12h21
h22
ǫ2(n12+n21−n22)
]
eiα,
(13)
(Y ′s1)11
∼=
[
h11n11ǫ
2n11 − h12h21
h22
(n12 + n21 − n22)ǫ2(n12+n21−n22)
]
eiα
v
u
.
The factor of eiα is the phase rotation required to make (Y ′h)11 real. (In
the same basis, the matrix Y ′s1 is easily seen to be non-diagonal: |(Y ′s1)12| ∼=
|h12(n12 − n22)ǫ2n12 |(v/u), and |(Y ′s1)21| ∼= |h21(n21 − n22)ǫ2n21 |(v/u).) In Eq.
(13) one sees two terms in the expression for (Y ′h)11. There are two cases to
consider: either these two terms are of the same order in ǫ2, or one is higher
order in ǫ2 than the other. If they are the same order, then n12+n21−n22 =
n11, which means that (Y
′
s1
)11 = n11(Y
′
h)11(v/u), a real quantity, to leading
order in ǫ2. If, on the other hand, one term in (Y ′h)11 is of lower order in
ǫ2 than the other and dominates, then the corresponding term dominates in
(Y ′s1)11. Consequently, to leading order in ǫ
2, one has again that (Y ′s1)11 is
just an integer times (Y ′h)11(v/u) and therefore real.
This conclusion generalizes to more complicated situations. It is true
for N -by-N matrices. It is also true if there are several abelian flavon fields
giving several ǫ parameters, as long as contributions to diagonal Yukawa cou-
plings that are of different orders in the small parameters are not accidentally
numerically comparable.
3 Flavor-changing and CP-violating
processes
We are now ready to discuss various flavor-changing and CP-violating pro-
cesses. The ones that shall be of chief interest are ∆m2K and ǫK in the neu-
tral Kaon system, the electric dipole moment of the electron de, the decay
µ→ e+γ, and µ-e conversion on nuclei µ+N → e+N . It is straightforward
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to calculate the contributions to these effects coming from flavon exchange
in our toy model.
The relevant couplings for flavor-changing and CP-violating processes, in
the physical basis of fermions and bosons, can be parametrized as
L = −
√
mimj
v
f¯i(∆
aL
ij PL+∆
aR
ij PR)fjHa+g mW cosϕaW
+W−Ha+· · · , (14)
where a = h′, s′, PL,R = (1 ∓ γ5)/2, and where indices i and j run over all
quarks and charged leptons. We observe that due to the scalar nature of h′
and s′, to the leading order in ǫ2, ∆aLii ≡ ∆aR∗ii = ∆aRii ≡ ∆aii is real for all
i’s. (See the discussion after Eq. (13).) Acting on Yukawa coupling matrices
with a set of bi-unitary transformations that brings fermion mass matrices
into diagonal form, and simultaneously diagonalizing the Higgs sector one
finds that
∆h
′ L
ee = 4χ
2ǫ2
hl12h
l
21√
2
sin φ
v
u
,
∆h
′ L
eµ = −χǫ
hl12√
2
sin φ
v
u
,
∆h
′ R
ee = 4χ
2ǫ2
hl∗12h
l∗
21√
2
sinφ
v
u
,
∆h
′ R
eµ = −χǫ
hl∗21√
2
sinφ
v
u
,
(15)
and
cosϕh′ = cosφ, cosϕs′ = sin φ, (16)
where we have omitted a term in ∆ee which is real and leading order in ǫ
2,
and introduced χ = (|hl11||hl22|)−1/2. The coefficients ∆s
′ L,R
ij are obtained from
∆h
′ L,R
ij by making the transformation cosφ→ sinφ, and sinφ→ − cosφ.
The electric dipole moment of the electron (de) comes from the familiar
type of two-loop graph [8] shown in Fig. 1. In terms of the original fields s1,
s2 and h coming from S and H , rather than the mass eigenstates, one sees
that the field that couples to the W or t loop must be h. This can be seen
as follows. The si have no coupling to t at the leading order in ǫ
2, since the
t mass comes from order (S/MF )
0. i.e. nu33 = 0. (See Eqs. (2) and (8).) The
si also have no coupling to the W
± since S does not participate in breaking
SU(2)L × U(1)Y . (If there were two Higgs doublets in the model, then the
heavy loop could be a charged Higgs, in which case the field coupling to it
in Fig. 1 could be an s1.) However, the field coupling to the electron line
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must be either s1 or s2 in order to obtain a CP-violating phase, since the
couplings of h are real and flavor diagonal in the physical basis of the leptons.
However, the s2, while it can give a CP-violating phase, does not mix with
the h and therefore would not be able to attach to the W or t loop. The
scalar line in the two-loop graph for de is thus s1 where it attaches to the
electron, and h where it attaches to the W or t loop. Consequently, the
electron edm is proportional to the mixing sin φ cosφ. A significant point
about the de diagram, which has already been alluded to, is that while the
s1 coupling to the electron has a CP-violating phase, that phase brings in an
extra suppression of order ǫ2 (see Eq. (15)). The electric dipole moment of
a charged lepton is given by
di =
eGFα
8
√
2π3
mi Im[A
L
ii − ARii ], (17)
where the dominant, reduced amplitude [9], comes from W loop and reads
AL,Rij = −
∑
a
cosϕa∆
aL,R
ij
[
3f
(
m2W
m2a
)
+
23
4
g
(
m2W
m2a
)
+
3
4
h
(
m2W
m2a
)]
. (18)
Setting hl12 = h
l
21 = e
−ipi/4 in Eq. (15), the electron edm comes out to be
de = (1.5× 10−27 e cm) sinφ cosφ
(
v
u
) [
F
(
m2W
m2h′
)
− F
(
m2W
m2s′
)]
. (19)
where F (z) ≡ 3f(z) + 23
4
g(z) + 3
4
h(z), and the functions f , g, and h are as
defined in [9] in Eqs. (10), (11), and (15), respectively. The function F (z) is
plotted in Fig. 2. Using the experimental value de = 0.18 × 10−26 e cm [10]
gives the following limit
sinφ cosφ
(
v
u
) [
F
(
m2W
m2h′
)
− F
(
m2W
m2s′
)]
≤ 1.2. (20)
The diagram for µ → e + γ is of the same two-loop type as the electron
edm diagram, except that one of the external leptons is a µ rather than an
e. As in the de case, the scalar which couples to the lepton line must be s1
(here because it involves flavor-changing), while the scalar that couples to
the W± or t loop must be h. Thus the amplitude here is also proportional
to sinφ cosφ. The branching ratio for the process lj → li + γ is given by
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B(lj → li + γ) = 3
4
(
α
π
)3 mi
mj
(
1
2
|ALij|2 +
1
2
|ARij|2
)
. (21)
Again setting hl12 = h
l
21 = e
−ipi/4, and imposing the experimental limit B(µ→
e+ γ) ≤ 1.2× 10−11 [11], one obtains
sinφ cosφ
(
v
u
) [
F
(
m2W
m2h′
)
− F
(
m2W
m2s′
)]
≤ 2.2. (22)
The diagram relevant for µ-e conversion on nuclei is Fig. 3. The field
that couples to the lepton line must be s1 or s2, but the field that couples at
the quark line may be h, s1, or s2. It is well known that the contributions
of the pseudoscalar exchange to the coherent µ-e conversion on nuclei can
be neglected [12] and will be ignored in our calculations. The contributions
to the amplitude from diagrams where the scalar couples to the lepton as
s1 but to the quark as h go as sin φ cosφ(1/m
2
h′ − 1/m2s′). Those in which
the scalar couples to both the lepton line and the quark line as s1 go as
cos2 φ(1/m2s′) + sin
2 φ(1/m2h′). We shall see these expressions emerge in the
formulas that appear below.
The branching ratio of µ-e conversion B(µ− + (A,Z) → e− + (A,Z)),
defined to be the ratio of decay widths Γ(µ−+(A,Z)→ e−+(A,Z))/Γ(µ−+
(A,Z) → capture), can be found using the procedure outlined in [13, 14].
We obtain
B = 2G2Fmemµ
α3m5µZ
4
eff
π2ZΓcapt
A2F (q2)2


∣∣∣∣∣
∑
a
m˜aN
m2a
∆aLeµ
∣∣∣∣∣
2
+
∣∣∣∣∣
∑
a
m˜aN
m2a
∆aReµ
∣∣∣∣∣
2

 , (23)
where F (q2) is the nucleon form factor, Zeff is the effective atomic number,
and where m˜aN contains the heavy quark effects in effective scalar-nucleon-
nucleon coupling [15] and is given by
m˜aN = 〈N |
∑
l=u,d,s
ml∆
a
llf¯lfl +
∑
h=t,b,c
mh∆
a
hhf¯hfh|N〉. (24)
We derive the most general, model independent, expression for m˜aN using the
approach of Shifman et. al. [16], and subsequent improvements of inclusion
of strange and heavy quark contributions discussed in [17, 18] as follows1
1Our general expression for m˜a
N
reproduces Eq. (3) of Ref. [15] but yields an additional
term in Eq. (20) where authors analyze MSSM model. The additional piece is σpiN (cotβ+
tanβ)/2.
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m˜aN = (
∑
h
∆ahh)
2
27
[
mN − σpiN
(
1 +
y
2
ms
m¯
)]
+ σpiN
[
∆auu +∆
a
dd
2
+ ∆ass
y
2
ms
m¯
]
,
(25)
where h runs over heavy quarks (t, b, c), y = 2〈N |s¯s|N〉/〈N |u¯u+ d¯d|N〉 is the
strange content in the nucleon, σpiN is the pion-nucleon sigma term, mN is
the nucleon mass, and m¯ = (mu +md)/2. In our model, the diagonalization
procedure in quark sector, to the leading order in ǫ2, leads to
∆h
′
ii =
[
cosφ− κi v
u
sinφ
]
/
√
2, (26)
where (κu, κc, κt, κd, κs, κb) = (3, 1, 0, 3, 2, 1). Note that κi’s are the powers
of ǫˆ2 of the appropriate diagonal elements that appear in λˆfij of Eq. (2).
For µ-e conversion on 4822Ti, we set Zeff = 17.6, F (q
2 = −m2µ) = 0.54,
Γcapt = 2.59 × 106 s−1 [19], impose the experimental limit B < 4.3 × 10−12
[20], take m¯ = 5 MeV, and use the set (y, σpiN) = (0.47, 60MeV) [17], to
obtain
(
v
u
) ∣∣∣∣∣sinφ cosφ
(
1
m2h′
− 1
m2s′
)
m−
(
v
u
)(
sin2 φ
m2h′
+
cos2 φ
m2s′
)
m′
∣∣∣∣∣ ≤ 9× 10
−5
GeV
,
(27)
where m ≃ 350 MeV, and m′ ≃ 500 MeV.
The diagram relevant for the ∆S = 2 processes is Fig. 4. Here, the
field that couples at both quark lines must be s1 or s2. Thus there are
contributions that go as cos2 φ(1/m2s′) + sin
2 φ(1/m2h′) and as 1/m
2
s2
. Noting
that ∆L,Rds is obtained from ∆
L,R
eµ (Eq. (15)) by replacing h
l
ij with h
d
ij, and
using the vacuum saturation approximation for the hadronic element [21],
we find a new contribution coming from the scalar exchange to be
ǫaK ≃
CK
m2a


(
1
6
M2K
(md +ms)2
+
1
6
)
Im


(
hd∗12 + h
d
21√
2
)2
−
(
11
6
M2K
(md +ms)2
+
1
6
)
Im


(
hd∗12 − hd21√
2
)2

 (1− cos2 ϕa), (28)
while the exchange of pseudoscalar s2, due to the extra factor of i, yields
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ǫs2K ≃
CK
m2s2


(
1
6
M2K
(md +ms)2
+
1
6
)
Im


(
hd∗12 − hd21√
2
)2
−
(
11
6
M2K
(md +ms)2
+
1
6
)
Im


(
hd∗12 + h
d
21√
2
)2

 , (29)
where we introduce
CK =
f 2KMKBKǫ
12
8
√
2∆MK
(
v
u
)2
. (30)
Using BK = 0.75, ∆MK ≃ 3.49× 10−12 MeV, fK ≃ 160 MeV, MK ≃ 497.67
MeV, ms = 175 MeV, md = 8.9 MeV, h
d
12 = h
d
21 = e
−ipi/4, and requiring the
terms involving mh′, ms′, and ms2 separately to contribute to ǫK an amount
less than the experimental value of that quantity (|ǫK | = 2.26 × 10−3 [10])
give the limits
(
v
u
)2 sin2 φ
m2h′
,
(
v
u
)2 cos2 φ
m2s′
≤ 3.9× 10
−6
GeV2
,
(
v
u
)2 1
m2s2
≤ 3.8× 10
−5
GeV2
. (31)
If we take mh′ ≃ 102 GeV, as suggested by experiment, then Eq. (31)
implies that (v/u) sinφ ≤ 1
5
, which is not a very stringent bound. Substitut-
ing this into Eq. (19), one sees that the electron edm can easily be near the
present published experimental limit. For instance, taking (v/u) sinφ ≃ 0.1,
so that flavon exchange contributes of order 1/5 of the experimental value of
ǫK , and taking ms′ ≃ 300 GeV, Eq. (14) gives de ∼ (0.6× 10−27 e cm) cosφ.
Comparing Eqs. (20) and (22) (in which the unknown parameters, sin φ,
ms′, and u, enter in exactly the same way) reveals that the present limits
on the decay µ→ e+ γ and the electron edm are about equally sensitive to
flavon exchange in this model. For example, if the CP-violating phases are
large and all hij are close to one, as was assumed in deriving Eqs. (19) and
(22), and de is just below the present limit, then the rate for µ → e + γ is
roughly a forth of the present limit.
One sees here the importance of the fact that the diagonal Yukawa cou-
plings of the flavon field s1 have phases suppressed by ǫ
2 ≃ 2 × 10−2. Were
it not so, then the present limit on the electron edm would imply that the
rate for µ → e + γ was at least four orders of magnitude below present
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limits (unless parameters were fine-tuned). µ + N → e + N would also be
suppressed.
Turning to µ-e conversion on nuclei, one sees from Eq. (27), that the
present limit on this is also, for a wide range of parameters, about as sensitive
to flavon-exchange as are the present limits on de and µ→ e+γ. For example,
if (v/u) sinφ ≃ 1
5
, then the first term on the left-hand side of Eq. (27) (i.e.
the term proportional to sinφ cosφ/m2h0) gives a contribution to the rate for
µ-e conversion that is about an order of magnitude below the present limit.
However, in some regions of parameter space, µ+N → e+N can be the most
sensitive to flavon exchange. Suppose, for example, that v/u is smaller, but
not much smaller, than one, and that sinφ≪ 1. Then both de and µ→ e+γ
are highly suppressed, whereas µ + N → e + N need not be because of the
term that goes as cos
2 φ
m2
s′
on the left-hand side of Eq. (27).
We have only considered the effects arising from the effective Yukawa
terms in Eq. (1). However, there is another source of flavor violation from
flavon exchange that can be very important. To get the effective low energy
Yukawa terms in Eq. (1), fermions having mass of order MF are integrated
out. There are diagrams involving these heavy fermions that can be impor-
tant. The most important such diagram is that shown in Fig. 5, which is
a contribution to K − K mixing. The internal fermion has mass of order
MF . The external fermion is the s0 quark, i.e. the s quark in the origi-
nal basis in which the Yukawa matrices of Eq. (2) are written. When one
goes to the physical basis of the light quarks, s0 will contain a small ad-
mixture of the physical d quark: s0 = s + O(ǫ
2)d. Consequently, there will
be from Fig. 5 a ∆S = 2 piece that goes as ǫ4. The Yukawa couplings
in Fig. 5 may be assumed to be of order unity. (The only reason the ef-
fective Yukawa couplings of the known light quarks are small is that they
are suppressed by powers of ǫ2, since they arise from integrating out heavy
fermions. However, in the underlying theory containing those heavy fermions
there is no reason for the Yukawa couplings to be small.) The coefficient of
the ∆S = 2 operator arising from Fig. 5 should therefore typically be of
order (16π2)−1ǫ4(1/M2F ) = (16π
2)−1ǫ8u−2. Using ǫ2 ∼ 2× 10−2 and u ∼ 300
GeV, one has that the coefficient of the ∆S = 2 term is of order 10−14 GeV−2.
With some of the phases or couplings being assumed somewhat smaller than
one, the contribution from Fig. 5 can easily be within the limit set by ǫK .
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4 Conclusions
We presented a simple flavon model that can accommodate the observed
hierarchy of the charged fermion masses and mixings in terms of the powers
of one small parameter. It has been shown that the flavor-diagonal couplings
of the flavon field, under a general set of assumptions, are real to the leading
order in that parameter. This implies that flavor changing and CP violating
signatures, de, µ→ e+ γ, and µ-e conversion on nuclei, can be equally near
the present experimental limits with all other low energy constraints satisfied.
For significant range of parameters µ-e conversion can be the most sensitive
place to look for such signatures.
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Figure 1: A two-loop Feynman diagram for electron electric dipole moment
(µ→ e + γ).
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Figure 2: Plot of F (m2W/m
2) ≡ 3f(m2W/m2) + 234 g(m2W/m2) + 34h(m2W/m2)
as a function of scalar mass m. The functions f , g, and h are as defined in
[9] in Eqs. (10), (11), and (15), respectively.
17
eµ
p, n p, n
h, s1
s1
Figure 3: Tree level scalar exchange Feynman diagram for µ-e conversion
on nuclei.
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Figure 4: Tree level contribution to K0 − K¯0 mixing.
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Figure 5: Box diagram contribution to K−K mixing. The internal fermion
Q has mass of order MF .
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